Anthropogenic disturbances affect ecosystem structure and functioning. The quantification of their impacts on highly diverse and structurally complex ecosystems, such as coral reefs, is challenging. These communities are facing rising fishing pressure, particularly on Pacific Islands such as New Caledonia. The main objective was to quantify harvesting effects on invertebrate assemblages across two contrasting habitats (soft-and hard-bottom), by comparing communities in marine protected areas (MPAs) with non-MPAs using 10 biological and ecological traits. Patterns of trait composition were compared with those of species composition by non-metric multidimensional scaling and permutational analysis of variance analyses. Traits most responsible for differences between MPAs and non-MPAs were determined using SIMPER analysis, and predictions on shellfishing effects were discussed. A total of 248 species were recorded in hard-bottom communities, mainly characterized by mobile epifauna living on corals, crawling, and possessing a shell (molluscs) or a cuticle (crabs and echinoderms). Soft-bottom habitats contained 166 species, dominated by burrowing and sedentary species, especially shelled (largely bivalves) and worm-like organisms. Clear differences in species and trait composition between MPA and non-MPAs were highlighted in both habitats. Harvesting activities have community-wide effects that change the functional composition of invertebrate assemblages, in particular in terms of living habits and mobility. The observed shifts in benthic communities can affect the functioning of tropical coastal ecosystems and need to be included in small-scale fisheries management in poorly known tropical environments.
Introduction
Marine ecosystems are facing unprecedented levels of human pressure (Halpern et al., 2008) . Anthropogenic disturbances have led to a global loss of biodiversity, generating increased attention to the role that species play in ecosystem processes (McCann, 2000; Jackson et al., 2001) and the relationship between biodiversity and ecosystem functioning (e.g. Chapin et al., 2000; Petchey and Gaston, 2002; Cardinale et al., 2012) . In fact, many ecosystem processes and services depend more on functional diversity (FD) than species diversity per se (Nyström, 2006) . FD relates to the number, type, and distribution of functions performed by organisms within an ecosystem (Diaz and Cabido, 2001) . Changes in FD are used to investigate the effects of different anthropogenic disturbances on marine ecosystem functioning, including pollution (e.g. Gaston et al., 1998; Cardell et al., 1999; Mistri et al., 2000; Mirto et al., 2002) , habitat modification (e.g. Schlosser, 1982; Hewitt et al., 2008) , and fishing (e.g. Spencer et al., 1998; Bremner et al., 2005; Tillin et al., 2006) , as well as to define conservation priorities (e.g. Bremner, 2008; Villamor and Becerro, 2012) . Systems with high species richness and high FD should be relatively stable and insensitive to perturbations (McCann, 2000; Bellwood et al., 2003) .
FD is commonly measured by quantifying the relative occurrences of different trophic guilds (e.g. Roth and Wilson, 1998) , functional groups (e.g. Pearson, 2001) , or biotic and ecological indices (e.g. Borja et al., 2000; Orfanidis et al., 2003) . FD can also be assessed with Biological Trait Analysis (BTA; Statzner et al., 1994) , which uses life histories and the morphological and behavioural characteristics of species present in the assemblages to indicate aspects of their ecological functioning (Naeem et al., 1999) . BTA can be applied across different taxonomic groups (Doledec and Statzner, 1994) as taxonomically different species can share similar biological traits (Usseglio-Polatera et al., 2000) . Changes in the pattern of trait expression (i.e. changes in the abundance of taxa exhibiting the traits) are used to indicate the effects of human impacts on ecological functioning, because the causes of species' responses to environmental change are usually a function of their life history, behaviour, morphology, or other adaptations (Lytle and Poff, 2004) . For example, functional traits can be used to study the response of benthic fauna to shellfishing. Species with opportunistic traits, such as short lifespans, scavenging, burrowing, or crawling habits, and small sizes usually respond positively to shellfishing, whereas species that are sessile, live on the surface, have long lifespans, are suspension-feeders, and have large body size often respond negatively (e.g. Bremner et al., 2005; Cesar and Frid, 2009 ). Identifying particular traits dominant in disturbed areas is ecologically significant and can therefore be incorporated in marine protected area (MPA) management by setting the boundary of the protected area to ensure the protection of key functions and the fulfilment of management objectives for the site [see Frid et al. (2008) ].
This approach originated in analyses of terrestrial plants ( McIntyre et al., 1995) and freshwater invertebrates, but has received little attention in the marine environment (Townsend and Hildrew, 1994; Castella and Speight, 1996) . Benthic invertebrate communities are known to be particularly vulnerable to human activity, because many species are sedentary and cannot avoid disturbance (Solan et al., 2004) . BTA studies have rarely been applied to marine tropical systems, such as coral reefs, which are globally declining due to human disturbances (Pandolfi et al., 2003; Bellwood et al., 2004; Duarte et al., 2008; Waycott et al., 2009) . These shallow water habitats provide a broad range of ecosystem services, which makes them indispensable for the everyday lives of people in many coastal areas, especially as valuable fishing grounds in small-scale fisheries (Moberg and Folke, 1999; Unsworth and Cullen, 2010; Foale et al., 2011; de la Torre-Castro et al., 2014) . In New Caledonia, South Pacific, intertidal shores close to urban areas are increasingly subjected to recreational and subsistence harvesting (Baron and Clavier, 1992; Jimenez et al., 2011) . Harvesting effects on benthic community structure and composition have previously been reported (Jimenez et al., 2010 (Jimenez et al., , 2012 (Jimenez et al., , 2015 , but effects on community functioning remain to be investigated.
This study explores the effects of harvesting on the functional structure and composition of hard-and soft-bottom reef flats in MPA and non-MPA areas of New Caledonia, using biological and ecological characteristics of benthic invertebrate species.
Methods

Study site and sampling design
The study took place in the southwest lagoon of New Caledonia (southwest Pacific, 22817 ′ S and 166830 ′ E). This large lagoon extends over 24 000 km 2 with many patch reefs and islets surrounded by well-developed fringing flats. Eight stations located around Nouméa were chosen (Figure 1 ). Four were coastal flats easily accessible from the city centre, including two heavily harvested (C 1 and C 2 ) and two non-harvested stations (MPAs, C 3 and C 4 ). Four other stations were located in the surrounding lagoon area, i.e. on islets, only accessible by boat: two harvested (I 1 and I 2 ) and two non-harvested (MPAs, I 3 and I 4 ; Table 1 ). All stations were subjected to semi-diurnal tides with maximum amplitude of 1.8 m and similarly exposed to the prevailing southeast trade-winds. Environmental characteristics were similar overall within each habitat/flat type [see Jimenez et al. (2012) ], though islet and coastal hard-bottom flats showed some variation by station in benthic percentage cover and organic matter content, whereas coastal soft-bottom flats varied by station in organic matter content and granulometry. Always, harvesting status (MPA vs. non-MPA) was the first influencing factor in classifying species composition (Jimenez et al., 2012) .
Two major habitat types commonly found in the area were considered [see Jimenez et al. (2010) ]: (i) soft-bottom habitats, characterized by sand covered with seagrass and algae (green/brown) and (ii) hard-bottom habitats, essentially made up of dead corals with boulders and debris as well as sparse live corals and patches of encrusting algae. These contrasting habitats were both represented for the four coastal flats (C 1 , C 2 , C 3 , and C 4 ), whereas islets flats (I 1 , I 2 , I 3 , and I 4 ) only harboured hard-bottom habitats. New Caledonia is mainly characterized by a subtropical climate with a warm, wet period from mid-November to mid-April (called "summer"), and a cool, dry period extending from mid-May to mid-September (called "winter"; Météofrance, 2007) . To encompass annual as well as seasonal variability, two years (2008 and 2009) and two seasons were surveyed, but the temporal variation is not studied here.
Harvesting pressure
Harvesting during low tides is a common practice particularly in urbanized areas around Nouméa (Baron and Clavier, 1992; Jimenez et al., 2011) , like in other Pacific Islands [see Dalzell et al. (1996) for review]. Harvesting activities on both soft-and hardbottom flats are limited to a 5-month period extending from March to September. In 2009, human visitation at Nouméa was estimated at 10 000 persons per year across an area of 324 ha. Coastal flats were visited 10 times more often than islet flats. Across both habitat types, almost 2600 visitors were actively harvesting accounting for an invertebrate annual capture of 8.4 + 0.7 t. More than 60 species were targeted, mainly directed to 10 species of molluscs and to largest individuals. Three clam species, Anadara scapha, Gafrarium tumidum, and Modiolus auriculatus, accounted for 50% of the total catch biomass [see Jimenez et al. (2011) ]. The selected eight stations were included in this area, which is the most heavily frequented area in New Caledonia.
Invertebrate sampling
Fauna were collected using two different methods, depending on the targeted habitat [see Jimenez et al. (2010) for details]. Soft-bottom macrobenthos (essentially polychaetes, arthropods, molluscs, and Functional structure and composition of tropical invertebrate assemblages echinoderms) were sampled using circular grabs of 0.1 m 2 placed at 200 m intervals at each station and pushed 30 cm deep into the sediment, then sieved through a 1-mm round mesh. Hard-bottom macrobenthos (essentially arthropods, molluscs, and echinoderms) were sampled by visual census and collected by hand along 20 m x 2 m belt transects at each station.
Five replicates per station were collected for each season in both habitats for a total of 70 samples (five replicates × four seasons × four station) in soft-bottom habitats and 150 samples (five replicates × four seasons × eight stations) in hard-bottom habitats; due to logistical issues, 10 of the planned samples were not taken in each habitat (Table 1 ). In the field, samples were immediately fixed in 5% formalin. Sorting and identification to the lowest possible taxonomic level were performed in the laboratory. Eighty-four and 76% of samples were identified to species level for hard-bottom and soft-bottom assemblages, respectively. The resulting faunal matrices (abundances per species and per sample in each habitat) were considered for subsequent analyses.
Trait information
Ten biological traits were chosen for their potential to maximize differences between taxa (Table 2 ). These represented aspects of the benthic organisms' morphology (body form), feeding patterns (habits and food source), behaviour (mobility and burying degree), and life histories (individual size, longevity, and reproductive mode). These traits were subdivided into 39 categories; for example, feeding habit was separated into the categories predator, deposit-feeder, suspension-feeder, scavenger, and grazer (cf. Table 2 ). Predictions were made about the response of each trait to harvesting (see prediction column, Table 2) .
Each taxon was then coded for the extent to which they displayed the categories of each trait using a "fuzzy coding" procedure (Chevenet et al., 1994) . The scoring range 0-3 was adopted, with 0 being no affinity to a trait category and 3 being total affinity. Information on biological traits was obtained from a variety of sources, including primary and secondary literature, personal field observations, and by consulting relevant experts (see Supplementary material). The traits were informed for 99 and 96% of hard-bottom and soft-bottom species, respectively, except for reproductive method (17 and 29%) and adult longevity (15 and 13%) where available information was poor. The frequency of each trait category in the dataset was calculated by weighting the category scores with the abundance of each taxon exhibiting that category (Charvet et al., 1998) . This resulted in a sample by trait table that showed the distribution of biological traits across samples. When no information on a particular trait was available for a taxon, zero values were entered for each trait category and the taxon did not contribute to the calculation of trait weightings.
Data analysis
The species abundance by sample and trait abundance by sample datasets for each habitat were double-root transformed to emphasize rare species and de-emphasize the importance of common species in the analysis [adapted from Legendre and Legendre (1998) ]. An overview of species composition followed by trait composition was given before proceeding to comparisons between MPA and non-MPAs. Differences in species and trait composition between MPA and non-MPA areas were investigated using nMDS based on Bray-Curtis similarity. The observed differences between MPA and non-MPA assemblages were further evaluated with a permutational analysis of variance [PERMANOVA, see Anderson (2001) ].
A two-way nested design (islet flat/coastal flat and MPA/non-MPA) was used for hard-bottoms and a one-way design (MPA/non-MPA) for soft-bottoms. Subsequently, the contribution of traits to MPA vs. non-MPA group dissimilarity was assessed using the SIMPER (similarity percentages) method (Clarke and Warwick, 1994) . Spearman correlation coefficients between the species and trait-based matrices were calculated for each habitat to examine how closely species and traits corresponded to each other.
All data analyses were performed using PRIMER v.6 statistical package with the PERMANOVA add-on (Clarke and Gorley, 2006) .
Results
Species and trait composition
Overall, almost 25 000 individuals belonging to 357 taxa were recorded during the present study: 4707 individuals from 166 taxa on soft-bottoms and 20 253 individuals from 248 taxa on hardbottoms, with 57 species being common to both habitats [for details see Jimenez et al. (2015) ]. On hard-bottoms, molluscs were Predictions about the response of each trait category to fishing are given: ¼ predicted increase; ¼ predicted decrease; and N ¼ no prediction or no change predicted.
Functional structure and composition of tropical invertebrate assemblages 423 dominant both in terms of number of taxa (150) and relative importance (comprising 50% of all individuals). The other dominant phyla were crustaceans (59 taxa, 6.1%), echinoderms (42 taxa, 12.2%), and annelids plus cnidarians (17 taxa, 1.6%). On softbottoms, three phyla were dominant; molluscs (72, 31.7% of total abundance), followed by polychaetes (41, 23.9%), crustaceans (32 taxa, 8.6%), echinoderms (25 taxa, 23.6%), and other taxa including cnidarians, sponges, and sipunculids (6 taxa, 8.6%). In these communities, 32 hard-bottom species and 30 soft-bottom species were identified as targeted by fishers. These species constituted a minor part of the total community in terms of abundance: 16 and 9% on hard-and soft-bottoms, respectively.
Hard-bottoms were dominated by epifauna (11% of total occurrences), living on the surface (11%) of corals (8%), crawling (6%), with a shell (6%) or a cuticle (5%), and medium-sized organisms (6%). Less-abundant traits in hard-bottom habitats were worm-like (1%), endofauna (1%), living on seagrass (1%), or mud (1%). Soft-bottoms were characterized by a relatively high frequency of infauna (9% of all occurrences), living near the surface (9%), crawling (5%), with no mobility (5%) or medium mobility (4%), a shell (4%), worm-like body (4%), suspension-feeders (4%), planktonic larvae (4%), and medium-sized organisms (4%). These categories/ traits were the most frequently occurring, while swim, all depths and epizoic were the least well-represented traits (1% of total occurrence for each trait).
Harvesting effects on benthic communities
The species and trait composition matrix were not closely correlated (r ¼ 0.52 for hard-bottoms and r ¼ 0.46 for soft-bottoms), but showed similar trends (see nMDS, Figures 2 and 3) .
On hard-bottoms, nMDS on the matrix of species abundances across stations revealed four groups of stations (Figure 2a) , with coastal stations and islet stations grouping separately, and non-MPA areas separated from MPAs. Two-way PERMANOVA revealed significant differences between MPA and non-MPA assemblages (pseudo-F ¼ 7.312, p ¼ 0.001) as well as between the flats (islet vs. coast; pseudo-F ¼ 6.409, p ¼ 0.001). nMDS based on traits composition revealed two major groups (Figure 2b (Table 3a) showed that traits related to life habits were among most important in discriminating MPA from non-MPA areas (61.2% of dissimilarity). The positions on the substratum (surface trait), living habit (epifauna), body characteristics (cuticle), and the living habitat (corals) were the most influential traits. All of these traits showed lower frequency on non-MPA locations (see bubble plots, Figure 2c ).
On soft-bottoms, nMDS based on species abundances, as well as trait composition, revealed two main groups of stations (Figure 3a and b) with non-MPA stations grouping separately from MPA stations (Figure 3 ). Assemblages in MPA and non-MPAs were significantly different (one-way PERMANOVA, pseudo-F ¼ 5.228, p ¼ 0.001 and pseudo-F ¼ 11.697, p ¼ 0.001 for abundances and traits, respectively). Traits related to life habits (position on the substratum, living habit, body characteristics, and movement method) contributed the most to dissimilarity between MPA and non-MPA stations (SIMPER 51.75% of dissimilarity; Table 3b ). Species that live on the surface (epifauna) have an irregular body, and crawl showed higher frequency in non-MPA locations (see bubble plots, Figure 3c ). 
Discussion
Traditional harvesting of some invertebrate species has significant community-wide effects, affecting the structure and the functioning of benthic tropical assemblages in New Caledonian reef flats. The species and trait compositions of hard-and soft-bottom intertidal communities have shown a striking pattern of change in response to shellfishing pressure (Figures 2 and 3 ; Table 3 ). The observed differences in terms of functional composition were related principally to life history and ecological function, such as the position on the substratum, the living habit, and the mobility (see SIMPER results). Traits associated with mobility, habitat, and feeding type can have profound effects on ecosystem processes, because they modify the availability, capture, and use of abiotic resources and affect the trophic structure within a community (Chapin et al., 1997) . Life history characteristics, such as size, reproductive mode, or longevity, influence a species' vulnerability to fishing (Tillin et al., 2006) .
The responses of benthic intertidal communities to harvesting differed depending on habitat. On hard-bottoms, similar cascading patterns have been documented for several types of target species, such as grazing parrotfish (Bellwood et al., 2003; Mumby, 2006; Thyresson et al., 2011) and invertivore fish (Wallner-Hahn et al., 2015) , or for different environmental stresses acting on scleractinian corals (Darling et al., 2012) in coral reef environments. In rocky temperate benthic invertebrate reefs, Lasiak (1999) found changes in community functions in harvested areas along the Transkei coast; the changes were a decrease in suspension-feeders, grazers, and predators. In our study, traits sensitive to shellfishing (e.g. organisms living on the surface of corals, sessile, bearing a shell or a cuticle, and predators) occurred less frequently in fished areas. For example, the sessile, sedentary, long-lived, and large-bodied organisms like the harvested giant clams (Tridacna spp.), topshells (Trochus niloticus), and green snails (Turbo spp.) were more occurrent on MPAs. For hard-bottom communities, MPAs seem to serve as a refuge for a pool of vulnerable traits (large body size, long lifespan, and direct development) usually associated with "K" strategy species, which are dominant over opportunistic "r" species in healthy ecosystems [see Warwick (1986) ].
In soft-bottom habitats, cascading changes due to shellfishing activities have been reported, but the trends were quite different and did not correspond to our initial predictions based on earlier studies by Bremner et al. (2006) and Tillin et al. (2006) , who Traits contributing to .50% of the dissimilarities (SIMPER analysis) are given.
Functional structure and composition of tropical invertebrate assemblages 425 reported changes from filters feeders to deposit-feeders, from predators to scavengers, and from large-to small-sized organisms in the North Sea. Here, we found a greater occurrence of vulnerable traits such as non-mobile epifauna, shelled organisms with medium mobility, worm-like, crawling, and suspension-feeders in harvested areas. Both Bremner et al. (2006) and Tillin et al. (2006) focused on industrialized, large-scale fisheries that are practiced year-round, while our study focused on low-intensity, time-limited activity. In contrast, collecting activity in our study area is essentially recreational and non-commercial (Baron and Clavier, 1992; Jimenez et al., 2011) while dredging is a strong physical perturbation, affecting benthic communities by removing target and nontarget species and altering habitats (Tillin et al., 2006) . In agreement with our results, Kenchington et al. (2007) showed that species defined as vulnerable to shellfishing may show no response or even increase in abundance in highly fished systems in Canada.
The unexpected response of soft-sediment fauna that we observed may be due to the low level of shellfishing activities in relation to resource availability, along with the high production/biomass ratio of tropical benthos, as reported by de Boer and Prins (2002a) in Mozambique's mudflats. In those environments, intertidal communities are usually more structured through top-down processes, such as competitive exclusion or predation, than by shellfishing activities (de Boer and Prins, 2002b) . These results have implications for small-scale fisheries management in highly-diversified ecosystems. In coral reef environments, the sustainable management of resources is difficult, in part because the multispecies nature of reef fisheries, the complexity of trophic interactions, and the time-scales on which processes manifest may allow coral reefs to appear healthy long after serious degradation has occurred (Hughes et al., 2010) . The modification of the species and trait composition observed may be deemed acceptable as long as the key functions are maintained. This can be measured by the ecological redundancy in FD; some species have similar functions in the ecosystem, so although some species may disappear, ecosystem function can be maintained. Further work on trait redundancy in this system can therefore help in understanding the effects of harvesting on FD and to better ensure the inclusion of key functions in management strategies. Other helpful management measures could be to implement participative management with regulation of catch for commercial and non-commercial species by adding closed seasons and size regulations. Participative management has been particularly successful for small-scale fisheries (e.g. Evans et al., 2011; Cinner et al., 2012) and is already ongoing in North Caledonia for sea cucumber fisheries (Léopold et al., 2013) . Extending this successful management tool to other harvested species and to other areas will be of great interest for sustainable management of small-scale fisheries in New Caledonia. In this context, the BTA approach offers the ability to comprehensively evaluate potential changes in the functioning of the community as a whole and how it responds to fishing pressure (Bremner et al., 2006) . This approach is limited by the amount of information available (Gayraud et al., 2003; Bremner et al., 2006) and the time costs of processing it. In this study, getting informative data on different traits represented a large effort due to the large number of species and the poor degree of bio-ecological knowledge of the tropical invertebrate species. In fact, quantitative studies on tropical invertebrates remain scarce (e.g. Frouin, 2000; Bigot et al., 2006; Jimenez et al., 2010 Jimenez et al., , 2015 and focused mainly on specific populations [e.g. gastropods in Kenya by McClanahan (1989) ] or community structure (e.g. soft-bottomed habitats in Mozambique, de Boer and Prins, 2002b), rather on ecosystem functioning and biological traits. Restricting the number of traits to 10 allowed the inclusion of almost all the species (both common and rare) present in the ecosystem. Our knowledge of the responses of different types of organism to shellfishing is far from complete, but using BTA helps provide a picture of ecosystem functioning and enables the detection of changes associated with harvesting activities.
In conclusion, the results of this study contribute to the understanding of the cascading effects of shellfishing activities with a novel approach based on species life history and ecological function. The combination of different biological and ecological traits of many species has highlighted differences between MPA and non-MPA areas. More research, particularly in terms of taxon and trait redundancy, information/data on different traits and the relationship between taxonomic and trait diversity are still needed to develop our comprehension on FD of poorly known environments like these tropical invertebrate assemblages.
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